ABSTRACT In this paper, we propose a receiver orientation model for spatial modulation (SM) in a visible light communication (VLC) system with line-of-sight (LOS) characteristics. The proposed technique efficiently mitigates the optical channel correlations across the multiple light-emitting diodes (LEDs), which are utilized in the SM system transmitter by altering the orientations of a photodiode (PD). Specifically, we express the LOS channel coefficients in the form of a PD normal vector and solve the optimization problems to obtain the optimal PD normal vectors. The bit error rate (BER) and channel capacity performances are also presented to validate the advantages of the proposed methods. The results demonstrate that the proposed designs offer a relatively low BER and high channel capacity in various LOS locations.
I. INTRODUCTION
Recently, there has been steadily increasing interest in visible light communication (VLC) as a very promising solution for indoor high-speed data transmission [1] , [2] . Owing to the integration of communication and lighting features, VLC has been regarded as a complementary technique for future wireless networks, especially in indoor environments. For VLC, the modulated signal must be real-valued and nonnegative, which is different from traditional radio frequency communication systems. Moreover, intensity modulation and direct detection techniques have been generally employed at the transmitter and receiver in the VLC system [3] .
In a general indoor environment, multiple light-emitting diode (LED) sources are popularly utilized to provide for illumination [3] . Therefore, multiple-input multiple-output (MIMO) has been a popular technique that has been employed and investigated in VLC systems. However, due to the strong correlation property of the indoor MIMO VLC channel matrix, the shape of the receiver arrays must be specifically designed or the size of the array has to be several decimeters in length to achieve a full-rank channel matrix [4] . On the other hand, the multiple-input single-output (MISO)
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technique has also been a suitable option for various indoor VLC scenarios [5] - [7] .
The increase in degrees of freedom provided by the availability of multiple LEDs as transmitters can be exploited to offer communication links at remarkable data rates [1] . Recently, various modulation schemes have been considered for both MIMO and MISO indoor optical wireless communication systems. For example, spatial multiplexing was a well-known concept that enhances the spectral efficiency of the system by simultaneously transmitting different data signals from multiple LEDs [8] . Furthermore, space shift keying (SSK) has been considered in VLC systems, which allows only one active LED at one time to limit inter-channel interference and support a high data rate with low-complexity detection [9] . Spatial modulation (SM) has been proposed, which is a combined MIMO and pulse amplitude modulation (PAM) technique that adds the spatial dimension to the constellation diagram. Specifically, an LED was activated at one time to transmit a PAM symbol, with a consequent increase in the overall system spectral efficiency [10] , [11] .
On the other hand, owing to the highly directional characteristics of light propagation through VLC channels, the communication through VLC channels has mainly relied on the availability of line-of-sight (LOS) links [3] . The orientation and mobility of the receiver are the two most important factors that affect the quality of the LOS links in VLC [12] . Due to the field of view (FOV) of the photodiode (PD), the direct influence of the PD orientation on the existence and the signal quality of LOS links becomes even more significant. This is particularly true because the correlation between the channel coefficients is an important factor that greatly impacts the performance of VLC systems [13] . Recently, the effect of the PD orientation and mobility on VLC systems has been greatly discussed in various studies [12] , [14] - [17] . More specifically, the received signal strength is significantly affected by the angle between the arrival direction of the LOS signal and the PD normal vector. This incidence angle can be conveniently modified by directly changing the orientation of the receiver [12] . As a solution, utilization of the angle diversity receivers has been proposed in [14] to consider the employment of multiple PDs with different inclination angles on small mobile devices. In [14] , the receiver employed several PDs with different orientation vectors that are arranged in a well-defined structure. However, the design in [14] required a specific structure of the receiver and a defined arrangement of the PDs on the receiver. Consequently, this brought about some issues when designing the receiver in a MIMO VLC system and these conditions further reduce the flexibility of the receiver in practical scenarios. Even though consideration of a receiver with several PDs oriented in different directions has already been considered, there is not much research on PD orientations in the VLC system.
In this paper, we propose a novel solution for improving the performance of SM VLC systems by altering the orientation of the PD. It is well-known that the performance of a VLC system can be evaluated using the bit error rate performance (BER). On the other hand, the channel capacity is also a popular measurement for the performance of the VLC channel. In particular, we address the problem of designing the normal vector of the PD that solve the minimum Euclidean distance (ED) and the maximum channel capacity problems. Specifically, the channel matrix coefficients of a VLC system can be expressed as the function of the PD orientation parameters or normal vectors of the PD. By considering the effect of PD orientation when constructing the optimization problems and by solving the convex optimization problems using different techniques, solutions for improving the SM VLC system performance can be achieved in the form of PD normal vectors. Consequently, the normal vectors for the PD can be obtained and utilized as the additional information in the setup and design of practical SM VLC systems. The simulation results show that the proposed algorithms can have good performance in both the channel capacity and BER over various receiver locations and are practical solutions to enable VLC transmission.
The rest of this paper is organized as follows. In Section II, we describe the system model and the normal vector of the PD, which is critical for the optimized orientation of the PD. The improved BER performance by altering the normal vector of the PD is detailed in Section III. In Section IV, the algorithm for improving the channel capacity is presented. The performances of the two proposed solutions are analyzed in section V, including the BER performance and the channel capacity. Finally, we offer our conclusions in Section VI.
Notations: We use bold lower-and upper-case letters for column vectors and matrices, respectively. For a vector a, a i denotes its i-th element. For a matrix A, A mn denotes the (m, n)-th element. The notation · denote the 2-norm. N (0, σ 2 ) denotes a Gaussian distribution with a mean 0 and variance σ 2 .
II. SYSTEM MODEL AND THE PD NORMAL VECTOR A. SYSTEM MODEL
Consider an SM VLC system in Fig. 1 with N t LEDs and a PD. In the system, an SM transmitter with a set of M -PAM symbols are employed, as shown in Fig. 1 . The bit sequence with a length of (R 1 + R 2 ) bits is divided into two parts, containing R 1 bits and R 2 bits, respectively [18] . The first part is used to select an active LED to convey modulated positive intensity information, while the other LEDs are inactive. In particular, the first R 1 = log 2 (N t ) bits are mapped to a spatial constellation point drawn from the set with the cardinality N t S spatial = e 1 , e 2 , . . . , e k , . . . , e N t ,
where e k is an N t × 1 vector with all elements zeros except the k-th element equal, which is equal to one. Then, the last R 2 = log 2 (M ) bits are mapped to a signal constellation point drawn from the set with the cardinality M
where s m ∈ R + is the m-th M -PAM level signal. If the k-th LED is activated and the m-th constellation point in M -PAM signal constellation is emitted, the one-dimensional transmitted SM signal vector x i ∈ S can be expressed as
where set S with the cardinality N t M is the combination between the spatial and constellation symbols and can be represented as 
At the receiver, a PD receives the optical intensity signals and converts them into electrical signals. Assume perfect synchronization between transmitters and receiver [3] , the received signal value at the PD can be written as
where y represents the received signal, and w is the noise. Moreover, w can be modeled as independent real-valued additive white Gaussian noise with zero mean and a variance of σ 2 n = σ 2 sh +σ 2 th , where σ 2 th is the thermal noise variance [3] . The signal dependent shot noise with main source is the current of the PD can be mathematically described by a stationary Poisson random process and can be approximated by a Gaussian process with a variance of σ 2 sh [19] .
On the other hand, the channel impulse response in indoor VLC systems generally consists of a LOS component and a non-LOS (NLOS) component due to reflections. In this paper, the LOS link is ensured to be always exist between any LED and the PD. Moreover, the LOS component is commonly assumed to be dominant and the NLOS components is much weaker that can be neglected [12] . Thus, as an initial exploration and for simplicity, we only consider LOS links between the transmitters and the receiver. The channel gain between the j-th LED and the PD can be modeled as
where φ j is the emission angle from the j-th LED to the PD, θ j is the angle of incidence at the PD due to the j-th LED, A p is the PD area, and g is the gain of the optical concentrator. Moreover, θ fov is the PD field of view semi-angle, d j is the distance between the PD and j-th LED, and γ is the order of the generalized Lambertian radiation. The half-power semiangle, 1/2 , is related to γ as γ = − ln 2 ln(cos 1/2 ) . Moreover, the notation Γ θ j , θ fov represents a rectangular function, given as
In particular, Γ θ j , θ fov implies that the channel gain is zero if θ is larger than θ fov equivalently the LED is outside the PD FOV. At the receiver, the maximum-likelihood detector is utilized to detect the received signal and can be expressed as (ē,s) = arg min
B. THE NORMAL VECTOR OF THE PD As illustrated in Fig. 2 , φ j , θ j , and d j denote the irradiance angle at the j-th LED with respect to the PD, the incident angle at the PD with respect to the j-th LED, and the distance between the j-th LED and the PD, respectively. Moreover, in (6), we can express
where − → T j represents the normal vector of the j-th LED with an irradiance direction, − → V j denotes the vector from the j-th LED to the PD, and − → U is the normal vector of the PD in the incident direction. Moreover, equations (9) and (10) can be represented as
where t j , v j , and u are the position vectors of − → T j , − → V j , and − → U . Consequently, the channel coefficient in (6) can be rewritten as
It can be seen that, theoretically, the vector u will directly affect the value of the channel coefficient h j . Moreover, we can see from (6) that to successfully receive the transmit signal, the channel vector elements have to be highly distinguishable. The correlation between the wireless channel links may cause the received signal to be inseparable and hence should be avoided in a multiple LEDs system [16] . Therefore, in theory, to improve the performance of multiple transmitter elements in a VLC system, we can carefully alter the orientation of the receiver according to (13) . In the next sections, we will explain novel methods to set the PD orientations so the orientation parameters can be utilized to aid the information transmission for a practical VLC system.
It is assumed that the location of LEDs and PD are fixed. Since the orientations of LEDs are fixed, the orientation of the PD can be specified by a normal vector with parameter − → U (α, β) with 0 α π and 0 β 2π , as illustrated in Fig. 3 , where β and α denote the elevation angle and the azimuth angle, respectively. In practice, the parameters β and α can be used to adjust the orientation of the PD to improve the system performance. Consequently, the normal vector can be expressed in a Cartesian coordinate as
In our paper, we first optimize the normal vectors of the PD. Then, by transforming the optimized vector back to spherical coordinates, the resulting can be effectively utilized to orientate the PD and improve the system performance.
III. PROPOSED PD ORIENTATION FOR BER IMPROVEMENT
From (13) , in the case of 0 θ j θ fov , the channel coefficient h j can be expressed as a function of the PD normal vector u as
with the constraint q j = (15) can be rewritten as
Here,û is the normalized vector, represented byû =
. Therefore, from (16) , with the assumption that 0 θ j θ fov , we derive that the channel vector can be represented as
where is element-wise product notation. In (17), q is the N t × 1 vector where each element q j expresses the relation between the PD and the j-th LED, p is the N t × 1 vector, with each element is defined by p j = (−v j ) Tû . Therefore, to better represent the received signal according to the orientation vector of the PD, we can rewrite the received signal in (5) as
Furthermore, from p j = (−v j ) Tû , we have p =Vû, witĥ
where the constraint vector
Generally, the average bit error probability can be approximated by considering the nearest neighbor approximation of the pairwise error probability [4] 
with D x i x i is the Hamming distance between two bit assignments of symbol x i and x i , N 0 is the noise power.
2 dy denotes the Gaussian tail probability. It is evident that the minimum ED between any two transmitted symbols
2 should be maximized to minimize the error rate. Therefore, to adjust the normal vectors of the PD for a BER performance improvement, the following ED-based decision metric is maximized in order to minimize the approximated error probabilitỹ
Based on the criterion of (21), the PD orientation vector optimization problem can be formulated as
where the condition (22b) is used to ensure that the incident angle between the PD and any LED is smaller than the FOV of the PD and a LOS link exists between the PD and any LED. Moreover, from (19) and (21), the objective value can be represented as
Moreover, we can simplify the optimization problem by relaxing the condition thatû = u u and set u = 1 to makê u = u. This will lead to the constraint u 2 = 1. Moreover, the condition (22b), with the help of (11) and u = 1, can be expressed as cos θ fov v T j u 1. By applying these results VOLUME 7, 2019 to the optimization problem (P1) and introducing an auxiliary variable ρ, we have the equivalent epigraph form [20] of (P2) as
Furthermore, the optimization problem (P2) is still non-convex due to the constraint (24b), (24d), and the problem (P2) is an NP-complete problem. On the other hand, the problem (P2) is a large-scale non-convex quadratically constrained quadratic program (QCQP) problem with the number of the quadratic constraints in (P2) is 2 R−1 2 R − 1 + 1, and becomes very large for very large number of R. In small scale QCQP problems, semidefinite relaxation (SDR) [21] has been well known. SDR approximates this QCQP problem as a convex semidefinite programming problem via relaxation. In particularly, by setting W = uu T and relaxing the problem through dropping the rank-one constraint of the matrix W, a globally optimal solution can be obtained. However, with the increasing number of quadratic constraints, achieving rank-one or low rank solutions of W is very unlikely and making the SDR method ineffective. In the other hand, the constraint (24d) can be split into two constraints
To deal with the nonconvex constraints (24b) and (25b), by denoting u (k) as the value of u at the k-th iteration and employing the linearization around u (k) , the left-hand side of the inequality in (24a) and (25b) can be approximated by
Finally, the optimization problem (P2) can be reformed as
It is observed that (P3) is a convex optimization problem that can be conveniently solved by the CVX optimization package [22] with the primal-dual interior point method. In particular, by initializing a point u (0) and iteratively solving (P3) until convergence, we can obtain a sequence of solutions u (k) and the last one can be used as an approximated solution to (P1). This method is able to achieve a favorable error performance in the simulations with a wise choice of the initial solution. To obtain different initial solutions for the optimization solver, a method is required to generate a number of initial normal vectors. Since with the PD, the set of all normal vectors form a sphere with the center at the location of the PD and a radius equal to one. More specifically, we divide the unit sphere to 2N points with N equaling the number of initial points required for the solver. For 1 l N , the initial normal vector u l can be calculated from (14) with α l and β l defined as in [14] , [23] 
and with
where β 1 = 0 and t l = 1 − Then, we take a number of initial solutions − → U l (α, β) that satisfy the FOV condition, and the solver will iteratively run and find the optimal normal vector for the problem (P3) that derives the largest value of ρ l . In our simulation, it is shown that an acceptable number of initial points can provide an optimal solution and this method offers a significantly improved BER performance. Moreover, the detail steps to find the PD normal vector are given in Algorithm 1 where N , , ξ convergence , and u † are the number of initial realization of u, the set of initial realization of u, the convergence threshold, and the solution of solving (P3) respectively.
IV. PD ORIENTATION FOR CHANNEL CAPACITY IMPROVEMENT
In this section, by altering the PD orientation, we seek to improve the achievable performance of the SM VLC scheme in terms of the instantaneous channel capacity, in a manner similar to the approaches used in previous studies [24] . In the literature, near-capacity performance can be attained in practice scenarios with the aid of powerful channel-coding schemes, such as turbo and low-density parity-check codes [19] . Specifically, the instantaneous unconstrained channel capacity of the SM VLC system can be bounded below by 
4:
if fov V u l 1 then 6: set ← + {u l }
7:
end if 8: end for 9: for u l ∈ do 10: set k = 1 11: set ρ (0) = 0, u (0) = u l
12:
while ρ (k) − ρ (k−1) ξ convergence do 13: normalize u (k−1)
14:
solve (P3) with the input as u (k−1) to get the solution u †
15:
update u (k) = u †
16:
set k = k + 1 17: end while 18: if ρ (k−1) ρ max then 19: set ρ max = ρ (k−1)
20:
set u max = u (k−1)
21:
end if 22 : end for 23: return the normal vector u max where η = P σ 2 n B W is the average signal-to-noise ratio (SNR) at the receive PD. P is the transmit power of each LED and B W is the bandwidth. Moreover, for the j-th LED, the channel coefficient h j that represents the column channel corresponding to the j-th column of the channel vector h can be expressed as
We mentioned again that for the j-th LED, we have p j = −v T jû and q j = (γ +1)A p 2πd 2 j cos γ α j for the PD. Therefore, for the j-th LED, the corresponding channel coefficient is
where t T j = −q jv T j for j-th LED. Consequently, by utilizing the result in (33), the channel capacity can be lower bounded by
where G j = ηt j t T j = η q j 2v jv T j andŴ =ûû T . Similar to the optimization problem (P3), we maximize the lower bound of the channel capacity by forming the following optimization problem (P4): max
Again, we aim to relax the optimization problem (P4) by setting u = 1 to makeû = u and consequently,Ŵ = uû T = uu T = W. This will lead to the additional constraint tr (W) = 1. On the other hand, from constraint (35b), we then have
If we assume that 0 θ fov π , the constraints in (34) can be equivalently represented as
whereV j =v jv T j . Finally, the optimization problem (P4) can be reformed as (P5): max
The last obstacle in solving (P5) is to deal with the nonconvex rank-one constraint rank (W) = 1. By relaxing the rank constraint of W, the problem (P5) can be approximated by the following SDR problem (P6): max
Problem (P6) is a convex optimization problem, which can be solved optimally and efficiently by using available software packages, such as CVX [22] . However, due to the relaxation, the SDR solution to problem (P6) may have rank greater than one. For that case, various kinds of approximation such as randomization are required to find the suboptimal normal vectors [21] . Even though the relaxation was included, the optimal solution of (P6) obtained by using the SDR technique is found to be rank-one. This means that the optimal solution is exactly the same as that of (P5). The detailed proof is given in the Appendix. Moreover, through many simulation scenarios, the results always yield a rank one solution and therefore, we can obtain a global solution of the PD normal vector. On the other hand, assume that u * is the vector that satisfies u * (u * ) T = W. In the last step, to obtain a valid normal vector of the PD, due to the transformation from (36) to (37), only one of two conditions,
1, is always satisfies and u * or −u * is selected as the optimal normal vector for the PD if the corresponding condition is satisfied.
V. NUMERICAL RESULTS
In this section, we show BER performance and the channel capacity of the proposed PD orientation schemes compared with the conventional cases. For the simulation, a VLC system with multiple LEDs and a PD is considered in a 4 × 4 × 2.5m room, as illustrated in Fig. 4 . We give the performance results with two scenarios. In the first case, a VLC system with four LEDs are fixed in a square shape with the location of LEDs at (1,1,2. The receiver equipped with one PD is also placed in three different locations, as in the previous scenario. The average transmission of electrical power between the LEDs is identical to the 4-LED case. Likewise, the average transmission of electrical power between the 8-LED cases are the same. In our simulation, the bit rate is set to R = 4 bps/Hz and R = 6 bps/Hz, respectively. Conventionally, following the assumption in various studies, the no orientation case is the Table 1 .
A. BER PERFORMANCE
To demonstrate the overall performance improvement of the proposed scheme in comparison with the conventional one, in Fig. 5 , the minimum EDs of both schemes are shown for the case of 4-LED and R = 4 bps/Hz. The minimum ED values are shown for 100 locations uniformly distributed around the room with the same system parameter as defined in Table 1 . Since the Algorithm 1 can only find the local solution corresponding to each initial point, the resulted minimum ED values appear to be largely vary. Moreover, since in the positions near center of the room, the PD is able to receive stronger signal from LEDs. This lead to larger minimum ED value and hence better BER performance in comparison with positions far from the center. It worth mentioning that in the corner locations, where without the orientation of PD, some LEDs are outside of the PD's FOV. This lead to the zero values of the minimum EDs and it is impossible for the receiver to properly function. In the other hand, with the aid of efficiently orientate the PD, the proposed scheme can To analyze the performance gain in specific SNR level, in Fig. 6 the BER performance comparison for the 4 bps/Hz 4 × 1 system with various locations of the PD is presented. With the proposed PD orientation, the nearer the location of the PD to the center of the room, the lower the BER performance of the SM VLC system. Moreover, the proposed method that changes the PD orientation can increase the SNR by as much as 15 dB in comparison with the no orientation case. In the locations of Location 1 and Location 2, due to the correlation between the channel coefficients caused by equivalent distances between the PD and some of the LEDs, the performance is greatly degraded. Therefore, by successfully decorrelating the channel coefficients by changing the normal vector of the PD, the proposed method can significantly improve the BER.
Similarly, in Fig. 7 , the performance is analyzed for the case of R = 6 bps/Hz. The SNR gaps still maintain at least a 13 dB to 20 dB difference between the proposed method and the original ones. It is worth mentioning that in some special locations such as the center of the room, where the two distances between the PD and the two LEDs are relatively similar, without PD orientation, the receiver cannot distinguish between the two LEDs. Therefore, this issue causes the error floor phenomenon in the BER performance of the system. By changing the PD orientation, the magnitudes of the links between the PD and the LEDs are sufficiently different, which helps to alleviate the error floor problem and consequently improve the BER performance.
To demonstrate the effectiveness of the proposed method in the scenarios for larger number of LEDs, we show the BER performance of an 8 × 1 SM VLC system, with the data rate of R = 4 bps/Hz and R = 6 bps/Hz in Fig. 8 and Fig. 9 , respectively. It can be noticed that with similar values of R, the system with more LEDs can exploit the availability of a higher spatial resource to transmit a larger number of bits. Therefore, with the same bit rate, the 8 × 1 system can achieve a lower BER in comparison with the 4 × 1 system. On the other hand, as in 4 × 1 case, the proposed method still maintains good performance improvement. Since the proposed method is only able to find the local solution of the optimization problem (P1), the optimality of the result of the PD normal vector is relatively acceptable in the sense of performance gain. The higher the number of initial solutions and iterations, the higher the chance of finding the global solution of the problem.
1) EXTENSION TO THE CONSIDERATION OF SIGNAL DEPENDENT NOISE
Moreover, in the practical VLC systems, due to the random nature of photon emission in the LED and the significant background light noise, shot noise can be depend on the VOLUME 7, 2019 FIGURE 9. Performance comparison in in the 8-LED scenario with R = 6 bps/Hz. transmitted signal [10] . In the followings, we show the analysis and performance of proposed scheme when the signal dependent noise is taken into account. As mentioned previously, the total noise can be expressed as w = w th + w sh , where the thermal noise is w th = N 0, σ 2 th . More specifically, the shot noise variance that contributes to the signal dependent noise part when x i is transmitted is σ 2 sh = hx i ς 2 σ 2 th , where ς 2 is the scaling factor of shot noise variance. This component causes the noise that depends on the intensity of the transmitted signal and can be modeled as w sh = N 0, hx i ς 2 σ 2 th . Consequently, the pairwise error probability with the contribution of signal dependent noise [25] , [26] can be expressed as
Clearly, the upper bound of the average error probability [4] is no longer dominant by the general minimum ED in (23) . To alleviate the abnormal destructive impact of the signal dependent noise on the received signal, a new modified ED metric [25] , [26] , namely rotated-ED between any two signals, can be expressed as
where
Therefore, with u = 1, the objective function instead of (23) becomes
Consequently, through similar transformations as with (P3), the optimization problem with the new objective function can be reformed as
The constraint (44b) is the approximation of the non-convex distance constraint (43) using the first order Taylor series at u (k) , where ∇d sh
(u), which can be referred to [26] (eq. (22))
The optimization (P7) can be conveniently solved by the iterative Algorithm 1 by the CVX optimization package [22] . Intuitively, under the impact of the signal dependent noise, performance of the ML detector that only optimally work under the signal independent noise assumption is indisputably degraded, for both proposed and conventional schemes. This is clearly illustrated in Fig. 10 , where the performance comparison between proposed PD orientation and conventional one for a 4-LED scenario is shown in Location 1 and Location 3, with the transmission rate of R = 4 bps/Hz. For the shot noise component, we set ς 2 = 10, 20. It is worth mentioning that in the previous case that does not consider the signal dependent noise, ς 2 = 0. As in Fig. 10 , BER performances of both schemes similarly degrade under the signal dependent noise impact. However, as expected, the proposed PD orientation still maintains significant SNR gaps in comparison with the conventional ones. Moreover, the higher the value of ς 2 , the more severe impact of the signal dependent noise on both proposed and conventional schemes. Therefore, it can be concluded, the proposed scheme still provide greater BER improvement in comparison with the no orientation case, though performance degradation is expected.
B. CHANNEL CAPACITY PERFORMANCE
In Fig. 11 and Fig. 12 , the unbounded channel capacity of the system for both the 4 and 8 LED scenarios are shown in term of bps/Hz. It is observed that with the case of location 1, since the LOS paths from the PD to all LEDs are relatively strong without altering the PD normal vector, the capacity gain in this case is relatively small. However, as the PD becomes located further from the center, the proposed method shows a better capacity enhancement. As seen in Fig. 11 , with the positioning of Location 3, at the level of transmit power of 60 dBm, the gain is around 8 bps/Hz. The capacity gap in for the 8-LED case increases to 15 bps/Hz and continues to increase commensurately with the transmit power.
To show the impact of the PD location on the channel capacity of the SM VLC system, in Fig. 13 , the performance of the proposed method is compared with the conventional one. The channel capacity results are shown for various locations of the receiver inside the room. Overall, the capacity of the proposed method shows better results, especially at the corner and off-center locations of the room.
1) EXTENSION TO THE CONSIDERATION OF SIGNAL DEPENDENT NOISE
In this part, we again investigate the channel capacity improvement of proposed scheme under the influence of signal dependent noise. We define the channel capacity of spatial modulation system with the noise variance σ 2 n = σ 2 th 1 + hx i ς 2 by
where e i is the vector obtained by replacing the only non-zero element of x i by 1. Moreover, from (19) we have
where u 2 = 1, we have the following channel capacity maximization optimization problem as
Again, the optimization problem (P8) is non-convex due to the constrain (48b). However, the left side of (48b),
is the general quadratic-over-linear function [20] . By employing the first order Taylor expansion and with similar steps as in (P3), the problem (P8) can be approximated as
where ∇f u (k) is the gradient of f (u) at u (k) , which can be referred to [27] (page 237) as
The optimization problem (P9) can be solved in a similar manner as in Algorithm 1 by the CVX optimization package [22] . However, due to the consideration of the signal dependent noise in conjunction with the approximation procedures, only a local solution can be found for (P9), instead of global solution in (P6). This is clearly shown in Fig. 14 , where the channel capacity of both schemes are presented for a 4-LED scenario in various locations with ς 2 = 20. In comparison with the case of ς 2 = 0 in Fig. 11 , the performance of both conventional scheme and proposed PD orientation significantly degrade. However, in various locations, the proposed scheme still maintains some capacity gaps over the conventional scheme.
VI. CONCLUSION
In this paper, we propose the optimized orientation of the PD in an SM VLC system to improve the BER performance and the unbounded channel capacity. By expressing the channel coefficient as the function of the normal vector of the PD and solving the two optimization problems, the optimal orientation of the PD can be realized. The simulation results indicate that our proposed methods obtain better error performance and a higher channel capacity in comparison with conventional SM VLC systems. For future research, we will focus on extending the result to a VLC system with multiple PDs where the condition of the channel matrix is considered and can be improved by changing the normal vectors of the PDs. Moreover, in various practical VLC systems, sometime a significant amount of received power through reflection of light can not be ignored and should be considered in the optimization problems. The PD orientation with the consideration of NLOS links evokes the issue of complexity and mobility of the receiver that will be future research. 
where λ j 0,µ j 0,ε 0, 0 are Lagrange multipliers for constraints (40b), (40c), (40d), and (40e) respectively. In here, is a 3×3 matrix. Taking the derivative with respect to W we have 
Since rank V j = 1, the two last terms in (55) construct a full rank matrix. Moreover, recalling that h j = t T jû 0, therefore 1 + tr G j W * −1 0. Combining with rank G j = 1, from (55), we can conclude that rank ( ) = 3 − 1 = 2.
Further, combing (54) and (56), we can obtain rank (W * ) = 1. This completes the proof. 
